Summary: Many studies on tissue stem cells have been conducted in the field of regenerative medicine, and some studies have indicated that cultured dental pulp mesenchymal cells secrete dentin matrix. In the present study we used alginate as a scaffold to transplant subcultured human dental pulp cells subcutaneously into the backs of nude mice. We found that when b-glycerophosphate was added to the culture medium, dentin sialophosphoprotein mRNA coding dentin sialoprotein (DSP) was expressed. An increase in alkaline phosphatase, which is an early marker for odontoblast differentiation, was also demonstrated. At 6 weeks after implantation the subcutaneous formation of radio-opaque calcified bodies was observed in situ. Immunohistochemical and fine structure studies identified expression of type I collagen, type III collagen, and DSP in the mineralizing transplants. Isolated odontoblast-like cells initiated dentin-like hard tissue formation and scattered autolyzing apoptotic cells were also observed in the transplants. The study showed that subcultured dental pulp cells actively differentiate into odontoblast-like cells and induce calcification in an alginate scaffold.
There have been several studies on tissue stem cells for the use in regenerative medicine, and they have shown that cultured mesenchymal cells differentiate into the bone, cartilage, muscle, tendon, adipose tissue, and the bone marrow stroma1 -5) . The interactions between the cultured cells, various growth and proliferation factors, and the scaffold have been studied, because they affected the properties and forms of regenerative biomaterials6, 7) .
A previous study demonstrated the development of odontoblast-like cells in a human dental pulp cell culture, and hard tissue formation was observed in the implants after transplantation of the cells with a hydrodxyapatite/tricalcium phosphate (HA/TCP) scaffold into nude mice8). Alginate is widely used as a scaffold for cartilage culture, and in the present study we attempted to use the adaptability of the alginate scaffold for odontoblast differentiation in subcutaneous transplants of human-dental-pulpderived cells into the lumbo-dorsal area of the back of nude mice9,10). Whereas most previous regenerative medicine studies were performed on primary and young passage cultures, we studied differentiation, secretion, and calcification by 13 th passage cells6,11,12).
Materials and Methods

Isolation and culture of dental pulp cells
Dental pulp was aseptically dissected from teeth removed for treatment purposes at the Hospital of Osaka Dental University. The protocol (No. 050355: Culture of human dental pulp stem cells) was approved by the Ethics Review Board of Osaka Dental University. The cells were isolated by exposure to collagenase type I (4 mg/ml; Wako Pure Chemical Industries, Osaka, Japan) and dispase (4 mg/ml; Gibco Laboratories, Grand Island, NY, USA) at 37 C for 40 minutes. The solution con-taining the isolated cells was filtered through a Cell Strainer (70 mm; BD Falcon, Bedford, MA, USA). After centrifuging the cells (1500 rpm, 3 min), a Dulbecco's Modified Eagle Medium (DMEM, Nacalai Tesque, Inc., Kyoto, Japan) containing penicillin (100 units/ml; Gibco Laboratories), streptomycine (100 mg/ml; Gibco Laboratories) and Fetal Bovine Serum (20%; FBS, HyClone, Logan, UT, USA) was added to them. The primary culture was seeded on dishes (35 mm; BD Falcon) and cultured under a 37 C 5% CO 2 atmosphere. After reaching confluence the cells were seeded at a 5000/cm 2 cell concentration by gradient reduction with 10% FBS every 3 rd day in every succeeding passage. The 13 th passage cells were obtained after 2 months of cell subculture (Fig. 1 ).
Examination of cell differentiation
Glycerol 2-phosphate disodium salt hydrate (b-GP; SIGMA-ALDRICH CHEMIE GmbH, Steinheim, Germany) was added (experimental b-GP (þ) group) or not added (control b-GP (À) group) to the primary culture and subcultures. Each culture was seeded at 10000 cells/cm 2 in 24-well plates (Asahi Technoglass Co., Chiba, Japan).
Reverse transcriptase polymerase chain reaction (RT-PCR)
The cultured cells were tested by RT-PCR for expression of DSPP mRNA. Specific primers were used for cDNA amplification (DSPP: forward primer: GAT GAT CCC AAT AGC A, reverse primer: CCT TTG CCA CTG TCT G, product size: 248 bp; G3PDH: forward primer: ACC ACA GTC CAT GCC ATC AC, reverse primer: TCC ACC ACC CTG TTG CTG TA, product size: 452 bp).
First-strand cDNA was synthesized with a SuperScript III Cells Direct cDNA Synthesis System (Invitrogen life technologies, Carlsbad, CA, USA) in both experimental and control groups. The firststrand cDNA (2 ml) obtained was diluted in a PCR reaction mixture consisting 10Â PCR reaction buffer, 1.5 mM MgCl 2 , 0.2 mM each of dNTP, 0.25 units of the Taq DNA Polymerase (TaKaRa BIO), and 10 pmol of each specific primer set. Amplifications were performed in a thermal cycler (TaKaRa Thermal Cycler MP). The amplification system for DSPP and G3PDH was conducted at 94 C (2 min), 40 cycles of 94 C (45 sec), 55 C (45 sec) and 72 C (1 min), followed by 72 C (10 min). Amplified samples were analyzed by 1.5% agarose gel electrophoresis at 100 V for 30 min, and the gel was stained with ethidium bromide solution (0.2 mg/ml) for 30 min and examined under ultraviolet light (ATTO Printgraph; ATTO, Tokyo, Japan).
Alkaline phosphatase activity
Alkaline phosphatase (ALP) enzyme activity, which is closely associated with calcification, was examined in 3-, 7-, 14-, and 21-day subcultured cells with an Alkaline Phosphatase Substrate Kit (BioRad Laboratories, Hercules, CA, USA) according to the manufacture's instructions, and the absorbance at 405 nm was estimated in a plate reader (Wallac ARVO 1420 Multilabel Counter, WAL-LAC OY, Turku, Finland). To evaluate cell proliferation in each well based on the DNA content, the cells were ruptured in tris buffer solution, the cell fragments were fluorescence-stained with Bisbenzimide H 33258 (Wako), and fluorescence intensity (excitation wave length: 355 nm, detection wave length: 460 nm) was examined in the plate reader. 
Formation of calcifying loci
The 3-, 7-, 14-, and 21-day subcultures were examined for calcification loci by fixation in formalin (10%) and staining with alizarin red S (1%; SIGMA-ALDRICH JAPAN).
Transplantation
After the 13 th passage dental-pulp-derived cells (1.5 Â 10 7 cells) were isolated with Trypsin-EDTA (0.05% Trypsin, 0.53 mM EDTA Á 4Na; Gibco) and aggregated by mixing them with alginate solution (1.5%, 0.3 ml; Protanal FL 10/60 Sodium Alginate; FMC Bio Polymer, Drammen, Norway) and CaSO 4 (21%, 40 ml), the cell clusters were transplanted subcutaneously but supra-fascially in the dorsolumbar area of the back of KSN/Slc-nu/nu nude mice (7-weeks-old, male; Japan SLC, Inc., Shizuoka, Japan). At 6 weeks after soft X-ray (Softex) radiographs were taken of the mice (25 kVp, 20 mA, 10 sec; Industrial X-Ray Film FR, Fuji Photo Film Co., Ltd.). The mice were then fixed by intra-cardiac perfusion with paraformaldehyde (4%), and the back tissue containing the implant was dissected out, immersed in fixative for 2 hours, and rinsed in Na-phosphate buffer solution several times. It was then demineralized with EDTA (4.3%) for 2 weeks, rinsed with buffer again, and embedded either in paraffin or TAAB 812 resin (TAAB Laboratories Equipment Ltd., Berkshire, UK) and processed for light microscopy and transmission electron microscopy, respectively.
The materials and methods used for histological examination are summarized in a flowchart (Flowchart).
Light microscopy
The paraffin-embedded back tissue containing the implant was cut into 2 mm sections with an Flowchart: Assay procedures for light microscopy, confocal laser scanning microscopy, and transmission electron microscopy.
HM400R microtome (MICROM GmbH, Walldorf, Germany), routinely stained with H-E. The specimens were examined and photographed under an Olympus BX 41 light microscope (Olympus, Tokyo, Japan).
The polymer immunocomplex method was used for immunological study of secretion of type I collagen in the transplants. Mouse monoclonal collagen type I antibody (COL-1; 150Â dilution; Abcam Limited, Cambridgeshire, UK) was used as the primary antibody, Envision/HRP (DakoCytomation, Inc., Carpintera, CA, USA) was used as the secondary antibody, and normal mouse serum (DakoCytomation, Inc.) was used to block excessive reactions. The specimens were counterstained with methyl green for light microscopy.
The polymeric conjugate method was applied to observe type III collagen and angiogenesis in the transplants immunologically. Type III Collagen (1000Â dilution; LSL Co., Ltd, Tokyo, Japan) and Polyclonal Rabbit Anti-Human Von Willebrand Factor (factor VIII; 1000Â dilution; DakoCytomation, Inc.) were used as the primary antibodies, respectively. The specimens were then immunoreacted with secondary antibody, using Envision/ HRP (DAB) kit (DakoCytomation, Inc.). The specimens were counterstained with methyl green for light microscopy.
Confocal laser scanning microscopy
The TUNEL method was applied to paraffin sections with an ApopTag Plus Fluorescein In Situ Apoptosis Detection Kit (CHEMICON Intl, Inc., Temecula, CA, USA) to investigate cell turnover in the transplants. The DNA fragments were immuno-reacted with TdT Enzyme and ANTI-DIGOXIGENIN CONJUGATE, and the nuclei were counterstained for 30 min at room temperature with propidium iodide (PI; fluorescence wavelength: 615 nm; Molecular Probes, Eugene, OR, USA). The specific dentinal protein dentin sialoprotein was demonstrated by immunoreaction with goat polyclonal DSP (C-20) (primary antibody; 100Â dilution; Santa Cruz Biotechnology, Inc. Santa Cruz, CA, USA) and Alexa Fluor 488 rabbit anti-goat IgG (HþL) (secondary antibody; Molecular Probes), and then counterstained with PI (Molecular Probes) for the confocal laser scanning microscopy. The specimens were examined, and the images were recorded with an Olympus personal FLUOVIEW confocal laser scanning microscope (CLSM; FLUOVIEW Ver 2.00; argon ion laser, excitation wave length: 488 nm (CH1); HeNe ion laser, excitation wave length: 543 nm (CH2); filters: BA 510 F, BA 530 (CH 1), BA 590, BA 565 (CH 2); Olympus).
Transmission electron microscopy
The TAAB 812-embedded samples were ultrathin-cut with a diamond knife mounted on an LKB 4800 A ULTROTOME I (LKB, Stockholm, Sweden), picked up on 150-mesh copper grids, stained with uranyl acetate (20 min) and lead citrate (10 min), and then examined and photographed with a Hitachi HU-7100 TEM (Hitachi, Tokyo, Japan).
Results
Cell differentiation 1. RT-PCR
No expression of DSPP mRNA was found in the b-GP (À) primary passage cells or succeeding 12 passages of cells. However, when b-GP was added to the medium expression of DSPP mRNA was detected in the 13-passage cells on day 10 after culture ( Fig. 2 ).
ALP activity
No significant differences of ALP activity were observed in the 3 and 7 days subcultures between the b-GP (À) group and b-GP (þ) group. However, ALP activity was observed in both groups at day 14, and on day 21 of subculture ALP activity in the b-GP (þ) group was twice as high as in the b-GP (À) group at the 21 st day of subculture (Fig. 3 ).
Calcification loci
The occurrence and concrescence of calcification loci was observed since day 14 of subculture, and the loci were composed of isolated proliferating and differentiating 13 th passage dental pulp cells (Fig. 4) .
Transplantation
Softex radiography revealed radio-opaque calcified bodies in the subcutaneously transplanted cell/ alginate clusters (Fig. 5) . We dissected the transplant with surrounding tissue and observed some whitish hard granules in the transplant (Fig. 6 ).
1. Light microscopy 1) H-E staining: Extracellular matrix (ECM) formation was observed in situ in the subcutaneous transplant containing 13 th passage cells/alginate scaffold (Fig. 7) . 2) Mouse monoclonal collagen I antibody: Type I collagen was demonstrated in the transplant (Fig.  8). 3) Rabbit Anti (bovine) Type III Collagen: Type III collagen was also demonstrated in the transplant (Fig. 9 ). 4) von Willebrand factor (factor VIII): Immunoreactivity was observed in the skin, but not in the transplant.
2. Confocal laser scanning microscopy 1) Cell turnover: TUNEL (þ) cells were demonstrated in the calcifying transplant (Fig. 10) . 2) Non-collagenous protein: DSP (þ) reaction was observed in the transplants (Fig. 11) .
Transmission electron microscopy
Fine structure study of the ultrathin-sectioned demineralized specimens revealed isolated spindleshaped and elongated cells in the transplant; the intercellular junctional apparatuses of the isolated cells were not well developed. The elongated cells showing a distal extension of the cell process have a nucleus located at the proximal end. The cytoplasm contained abundant endoplasmic reticulum and cisterns. The histology suggested the differentiation of odontoblast-like cells in the transplant containing cultured cells and alginate (Fig. 12) .
Bundles of collagen fibrils with approximately 64 nm D periodicity were demonstrated in the demineralized ECM. Scattered autolyzing cells containing a disintegrating nucleus and many lysosomes were found in the transplant (Figs. 13a &  13b) . Apocrine secretion of matrix vesicle-like structures by the elongated odontoblast-like cells was observed at the calcification fronts of the calcifying transplant (Figs. 14a & 14b) .
Discussion
Previous studies have shown the differentiation of odontoblast-like cells with matricial calcification in cultures of dental pulp-originated cells from rat, human, and cattle teeth14 -17). The well-developed odontoblast-like cells were characterized by cell polarization and distal extension of the main cell process, and the differentiated cells expressed DSPP related to the specific DSP and DDP found in dentin14). On the other hand, many studies have been conducted on factors that induce mesenchymal stem cells to differentiate into various tissues. Their results showed that bone formation was induced by dexamethasone, b-GP, Vit D, ascorbic acid, and BMP, while cartilage formation was induced by dexamethasone, ascorbic acid, TGF-b, and BMP1). Another previous study, however, has reported that b-GP was essential to induce cultured dental-pulp-derived cells to acquire odontoblast properties14).
A study on the change of ALP activity in cultured dental-pulp cells found that the ALP activity peaked at the turning point of the proliferation and differentiation phases. That study indicated that ALP activity is a marker for the initial differentiation of odontoblasts12). The same study, on rat incisor dental pulp cells, showed that ALP activity peaked on the day 5 in a b-GP (þ) culture, while Ca 2þ accumulation started on at culture day 1512). By contrast, the increase in expression of the DSPP gene coincided with initial dentinogenesis, and thus was a marker for odontoblast maturation14,18). Also, formation of calcifying nodules by human dental pulp culture has been found to occur between day 10 and 15 of culture19).
In the present study we cultured 13 passages of human dental pulp cells and obtained fibroblastlike cells. No ALP activity or DSPP mRNA were found except in succeeding b-GP (þ) cultures, and the expression of ALP activity and DSPP induced Fig. 9 . Immunohistochemistry of type III collagen (arrowhead points to the epidermis). Type III collagen is present in the same tissue (arrows). by b-GP indicated that odontoblast-like cells differentiated in the 13 th passage cells. We also found that ALP activity was expressed between day 10 and 14 and became marked during the 21 st day of culture. On the other hand, calcifying loci were demonstrated on day 1419). The results also showed chrono-spatial differences between human and rat dental pulp cultures, since we observed strands of intermingled cells in the human cell cultures in the proliferation, differentiation and apoptotic phases in the transplants14,15).
Odontoblast-like cells have been found in transplants of human dental pulp cells with a HA/TCP scaffold in nude mice6). The alginate scaffold, on the other hand, has been found to be particularly useful for 3-D culture of cartilage10). The present study we transplanted cultured human dental-pulp cells with an alginate scaffold and found formation of radio-opaque calcifying bodies in situ 6 weeks after transplantation. Immunohistochemical light microscopy revealed type I and type III collagen, while transmission electron microscopy demonstrated D periodicity of the matrix fibrils in the calcified tissue. Secretion of type I collagen and deposition of hydroxyapatites are essential to the calcification of mesenchymal tissue.
DSP and DPP are proteins specific to dentin and are markers for differentiation of odontoblasts13,20,21). The dentin non-collagenous protein comprises 50% of DSP and DPP, which are coded by DSPP gene22,23). In the present study we identified the mRNA of the DSPP gene in cell cultures and demonstrated the presence of DSP in the subcutaneous calcifying transplant in situ. The discovery of differentiation of elongated polarized cells with distal extension of a main cell process and deposition of calcifying loci by transmission electron microscopy suggests the occurrence of dentin-like tissue formation in the transplants.
Many previous studies on initial dentinogenesis have elucidated that the transient apocrine secretion of matrix vesicles was coincident with the ALP peak activity of odontoblasts24). The fine structure examination in the present study identified many vesicle matrix-like structures budded by the odontoblast-like cells into the ECM and at the periphery of the growing dentin-like hard tissue in the transplant 6 weeks after transplantation. The histological findings suggested that the disseminated/ isolated odontoblast-like cells initiated mineralization in the alginate scaffold.
In previous study depression of cell vitality and apoptosis were observed among the chondrocytes in the middle layer of a culture on an alginate scaffold10). On the other hand, apoptosis has been found to be a phenomenon that occurs during the differentiation of odontoblasts25,26). Confocal laser scanning microscopy in our study identified TU-NEL (þ) reactions in cell strands distributed in the alginate scaffold, and in histological appearance suggested depression of vitality and turnover of the differentiating odontoblast-like cells. By observation of the expression of factor VIII which immnologically stains endothelial cells, light microscopy and TEM did not identify the invasion of vascular system into the transplants. The results suggested that diffusion of metabolites between the transplant and its enveloping tissue played an essential role in adjusting the turnover of transplanted cells and ECM.
The present study revealed differentiation of odontoblast-like cells and dentin-like tissue formation in the transplants, leading to the conclusion that alginate scaffolds support the differentiation of cultured cells in transplants. However, the transplants initiated dentin-like tissue formation in a specific environment that differs from the usual environment in which dentinogenesis occurs. Further study to clarify the mechanism of maturation and aging of the transplants should be the next step in programming remodeling the regenerative hard tissue.
